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SYSTEM AND METHOD FOR system , zero - sequence currents are each displaced by 0 ° and 
IMPLEMENTING A ZERO - SEQUENCE are therefore “ in - phase ” . As a result , zero - sequence currents 

CURRENT FILTER FOR A THREE - PHASE combine arithmetically at the source transformer's neutral 
POWER SYSTEM terminal and return to the nonlinear loads via the system's 

5 neutral conductor . In a worst case scenario , the resulting 
CROSS - REFERENCE TO RELATED zero - sequence neutral currents may be greater than 1.5 times 

APPLICATION the phase currents . 
Zero - sequence currents , acting in an Ohm's Law relation 

This invention claims priority to U.S. Provisional Appli- ship with the system's zero - sequence impedances , produce 
cation Ser . No. 62 / 949,826 , entitled “ ZERO - SEQUENCE zero - sequence voltages . These zero - sequence voltages dis 
CURRENT FILTER FOR A THREE - PHASE POWER tort the fundamental voltage waveforms . Systems and meth 
SYSTEM , ” filed Dec. 18 , 2019 , the contents of which are ods for alleviating fundamental frequency line load imbal 
hereby incorporated by reference in its entirety . ance in the distribution system will thus reduce line loss and 

increase power system capacity without installing new lines . 
GOVERNMENT LICENSE RIGHTS Systems and methods for reducing zero - sequence current 

in a three - phase power system are therefore desirable . The 
This invention was made with the support of the New presently disclosed embodiments are directed toward meet 

York State Energy Research and Development Authority ing this need 
( NYSERDA ) under Agreement Number 133528 and 
NYSERDA may have rights in this invention . SUMMARY OF THE DISCLOSED 

EMBODIMENTS 
TECHNICAL FIELD OF THE DISCLOSED 

EMBODIMENTS In one embodiment , a method for actively controlling 
zero - sequence current in a three - phase power distribution 

The embodiments disclosed herein generally relate to 25 network having a phase A , a phase B , a phase C , and a 
three - phase power systems and , more specifically to a sys- neutral is disclosed , the method comprising the steps of : a ) 
tem and method for implementing a zero - sequence current operatively coupling a first Cascade Multilevel Modular 
filter for a three - phase power system . Inverter ( CMMI ) first terminal to phase A , and operatively 

coupling a first CMMI second terminal to a first primary 
BACKGROUND OF THE DISCLOSED 30 winding dot terminal of a transformer ; b ) operatively cou 

EMBODIMENTS pling a second CMMI first terminal to phase B , and opera 
tively coupling a second CMMI second terminal to a second 

An electrical power system normally operates in a bal- primary winding dot terminal of the transformer ; c ) opera 
anced three - phase sinusoidal steady - state mode . However , tively coupling a third CMMI first terminal to phase C , and 
there are certain situations that can cause unbalanced opera- 35 operatively coupling a third CMMI second terminal to a 
tions . The most severe of these would be a fault or short third primary winding dot terminal of the transformer ; d ) 
circuit . Examples may include a tree in contact with a operatively coupling a third primary winding non - dot ter 
conductor , a lightning strike , or downed power line . The minal of the transformer to a first secondary winding non 
basic theory of symmetrical components is that phase cur- dot terminal of the transformer , wherein the first primary 
rents and voltages in a three - phase power system can be 40 winding and the first secondary winding share a first com 
represented by three single - phase components . These are mon magnetic flux path ; e ) operatively coupling a first 
positive- , negative- and zero - sequence components . The primary winding non - dot terminal of the transformer to a 
positive sequence component of current or voltage has the second secondary winding non - dot terminal of the trans 
same rotation as the power system . This component repre- former , wherein the second primary winding and the second 
sents a balanced load . 45 secondary winding share a second common magnetic flux 

If the generator phase currents are equal and displaced by path ; f ) operatively coupling a second primary winding 
exactly 120 ° , only positive - sequence current will exist . A non - dot terminal of the transformer to a third secondary 
current or voltage unbalance between phases in magnitude winding non - dot terminal of the transformer , wherein the 
or phase angle gives rise to negative- and zero - sequence third primary winding and the third secondary winding share 
components . The negative sequence component has a rota- 50 a third common magnetic flux path ; g ) operatively coupling 
tion opposite that of the power system . The zero - sequence a first secondary winding dot terminal of the transformer , a 
component represents an unbalance that causes current flow second secondary winding dot terminal of the transformer , 
in the neutral . and a third secondary winding dot terminal of the trans 

High levels of positive- , negative- and zero - sequence former to the neutral ; h ) modulating a first voltage produced 
harmonic currents are generated by the single - phase , non- 55 by the first CMMI to control a first equivalent impedance 
linear loads that are connected between phase and neutral in between phase A and the neutral ; i ) modulating a second 
a three - phase , four - wire distribution system . Although each voltage produced by the second CMMI to control a second 
single - phase , non - linear load is normally small , they often equivalent impedance between phase B and the neutral ; and 
represent 95 % to 100 % of all loads connected to a low j ) modulating a third voltage produced by the third CMMI 
voltage distribution system in an office , data center or 60 to control a third equivalent impedance between phase C and 
audio - video facility , for example . Perhaps more important , a the neutral . 
driver of these imbalances is increased penetration of single- In another embodiment , a method for actively controlling 
phase ( e.g. , residential ) renewable power generation instal- zero - sequence current in a three - phase power distribution 
lations , which are “ large ” and somewhat unpredictable from network having a phase A , a phase B , a phase C , and a 
a long - term planning standpoint . 65 neutral is disclosed , the method comprising the steps of : a ) 

Unlike the positive- and negative - sequence phase cur- operatively coupling phase A to a first primary winding dot 
rents , which are each displaced by 120 ° in a three - phase terminal of a transformer ; b ) operatively coupling phase B to 
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a second primary winding dot terminal of the transformer ; c ) winding non - dot terminal of the transformer , wherein the 
operatively coupling phase C to a third primary winding dot third primary winding and the third secondary winding share 
terminal of the transformer ; d ) operatively coupling a third a third common magnetic flux path ; g ) operatively coupling 
primary winding non - dot terminal of the transformer to a a first secondary winding dot terminal of the transformer , a 
first secondary winding non - dot terminal of the transformer , 5 second secondary winding dot terminal of the transformer , 
wherein the first primary winding and the first secondary and a third secondary winding dot terminal of the trans 
winding share a first common magnetic flux path ; e ) opera- former to a transformer wye - point ; h ) operatively coupling 
tively coupling a first primary winding non - dot terminal of a fourth CMMI first terminal to the transformer wye - point ; 
the transformer to a second secondary winding non - dot i ) operatively coupling a fourth CMMI second terminal to 
terminal of the transformer , wherein the second primary 10 the neutral ; j ) modulating a first voltage produced by the first 
winding and the second secondary winding share a second CMMI to control a first equivalent impedance between 
common magnetic flux path ; f ) operatively coupling a phase A and the neutral ; k ) modulating a second voltage 
second primary winding non - dot terminal of the transformer produced by the second CMMI to control a second equiva 
to a third secondary winding non - dot terminal of the trans- lent impedance between phase B and the neutral ; 1 ) modu 
former , wherein the third primary winding and the third 15 lating a third voltage produced by the third CMMI to control 
secondary winding share a third common magnetic flux a third equivalent impedance between phase C and the 
path ; g ) operatively coupling a first secondary winding dot neutral ; and m ) modulating a fourth voltage produced by the 
terminal of the transformer , a second secondary winding dot fourth CMMI to control a fourth equivalent impedance 
terminal of the transformer , and a third secondary winding between the transformer wye - point and the neutral . 
dot terminal of the transformer to a transformer wye - point ; 20 In another embodiment , a method for actively controlling 
h ) operatively coupling a first Cascade Multilevel Modular zero - sequence current in a three - phase power distribution 
Inverter ( CMMI ) first terminal to the transformer wye - point ; network having a phase A , a phase B , a phase C , and a 
i ) operatively coupling a first CMMI second terminal to the neutral is disclosed , the method comprising the steps of : a ) 
neutral ; and j ) modulating a first voltage produced by the operatively coupling a first Cascade Multilevel Modular 
first CMMI to control an equivalent impedance between the 25 Inverter ( CMMI ) first terminal to phase A , and operatively 
transformer wye - point and the neutral . coupling a first CMMI second terminal to the neutral ; b ) 

In another embodiment , the above embodiment further operatively coupling a second CMMI first terminal to phase 
comprises the steps of : j ) operatively coupling a second B , and operatively coupling a second CMMI second termi 
CMMI first terminal to phase A and operatively coupling a nal to the neutral ; c ) operatively coupling a third CMMI first 
second CMMI second terminal to phase B ; k ) operatively 30 terminal to phase C , and operatively coupling a third CMMI 
coupling a third CMMI first terminal to phase B and second terminal to the neutral ; d ) modulating a first voltage 
operatively coupling a third CMMI second terminal to phase produced by the first CMMI to control a first equivalent 
C ; 1 ) operatively coupling a fourth CMMI first terminal impedance between phase A and the neutral ; e ) modulating 
phase A and operatively coupling a fourth CMMI second a second voltage produced by the second CMMI to control 
terminal to phase C ; m ) modulating a second voltage pro- 35 a second equivalent impedance between phase B and the 
duced by the second CMMI to control a second equivalent neutral ; and f ) modulating a third voltage produced by the 
impedance between phase A and phase B ; n ) modulating a third CMMI to control a third equivalent impedance 
third voltage produced by the third CMMI to control a third between phase C and the neutral . 
equivalent impedance between phase B and phase C ; and o ) The method of any of the above embodiments wherein the 
modulating a fourth voltage produced by the fourth CMMI 40 first common magnetic flux path comprises a first leg of an 
to control a fourth equivalent impedance between phase A E - shaped transformer core , the second common magnetic 
and phase C. flux path comprises a second leg of the E - shaped trans 

In another embodiment , a method for actively controlling former core , and the third common magnetic flux path 
zero - sequence current in a three - phase power distribution comprises a third leg of the E - shaped transformer core . 
network having a phase A , a phase B , a phase C , and a 45 In another embodiment , a system for actively controlling 
neutral is disclosed , the method comprising the steps of : a ) zero - sequence current in a three - phase power distribution 
operatively coupling a first Cascade Multilevel Modular network having a phase A , a phase B , a phase C , and a 
Inverter ( CMMI ) first terminal to phase A , and operatively neutral is disclosed , the system comprising : a transformer 
coupling a first CMMI second terminal to a first primary comprising : a first primary winding comprising a first pri 
winding dot terminal of a transformer ; b ) operatively cou- 50 mary winding dot terminal and a first primary winding 
pling a second CMMI first terminal to phase B , and opera- non - dot terminal ; a first secondary winding comprising a 
tively coupling a second CMMI second terminal to a second first secondary winding dot terminal and a first secondary 
primary winding dot terminal of the transformer ; c ) opera- winding non - dot terminal , wherein the first primary winding 
tively coupling a third CMMI first terminal to phase C , and and the first secondary winding share a first common mag 
operatively coupling a third CMMI second terminal to a 55 netic flux path ; a second primary winding comprising a 
third primary winding dot terminal of the transformer ; d ) second primary winding dot terminal and a second primary 
operatively coupling a third primary winding non - dot ter- winding non - dot terminal ; a second secondary winding 
minal of the transformer to a first secondary winding non- comprising a second secondary winding dot terminal and a 
dot terminal of the transformer , wherein the first primary second secondary winding non - dot terminal , wherein the 
winding and the first secondary winding share a first com- 60 second primary winding and the second secondary winding 
mon magnetic flux path ; e ) operatively coupling a first share a first common magnetic flux path ; a third primary 
primary winding non - dot terminal of the transformer to a winding comprising a third primary winding dot terminal 
second secondary winding non - dot terminal of the trans- and a third primary winding non - dot terminal ; and a third 
former , wherein the second primary winding and the second secondary winding comprising a third secondary winding 
secondary winding share a second common magnetic flux 65 dot terminal and a third secondary winding non - dot termi 
path ; f ) operatively coupling a second primary winding nal , wherein the third primary winding and the third sec 
non - dot terminal of the transformer to a third secondary ondary winding share a first common magnetic flux path ; 
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wherein the third primary winding non - dot terminal is ing dot terminal , the second secondary winding dot terminal , 
operatively coupled to the first secondary winding non - dot and the third secondary winding dot terminal are operatively 
terminal ; wherein the first primary winding non - dot terminal coupled to a transformer wye - point ; a first Cascade Multi 
is operatively coupled to the second secondary winding level Modular Inverter ( CMMI ) comprising a first CMMI 
non - dot terminal ; wherein the second primary winding non- 5 first terminal and a first CMMI second terminal , wherein the 
dot terminal is operatively coupled to the third secondary first CMMI first terminal is operatively coupled to the 
winding non - dot terminal ; wherein the first secondary wind- transformer wye - point , and the first CMMI second terminal 
ing dot terminal , the second secondary winding dot terminal , is operatively coupled to the neutral ; and a controller opera 
and the third secondary winding dot terminal are operatively tively coupled to the first CMMI , the controller operable to 
coupled to the neutral ; a first Cascade Multilevel Modular 10 modulate a first voltage produced by the first CMMI to 
Inverter ( CMMI ) comprising a first CMMI first terminal and control an equivalent impedance between the transformer 
a first CMMI second terminal , wherein the first CMMI first wye - point and the neutral . 
terminal is operatively coupled to phase A , and the first In another embodiment , the prior embodiment further 
CMMI second terminal is operatively coupled to the first comprises : a second CMMI comprising a second CMMI first 
primary winding dot terminal ; a second CMMI comprising 15 terminal and a second CMMI second terminal , wherein the 
a second CMMI first terminal and a second CMMI second second CMMI first terminal is operatively coupled to phase 
terminal , wherein the second CMMI first terminal is opera- A , and the second CMMI second terminal is operatively 
tively coupled to phase B , and the second CMMI second coupled to phase B ; a third CMMI comprising a third CMMI 
terminal is operatively coupled to the second primary wind- first terminal and a third CMMI second terminal , wherein 
ing dot terminal ; a third CMMI comprising a third CMMI 20 the third CMMI first terminal is operatively coupled to phase 
first terminal and a third CMMI second terminal , wherein B , and the third CMMI second terminal is operatively 
the third CMMI first terminal is operatively coupled to phase coupled to phase C ; and a fourth CMMI comprising a fourth 
C , and the third CMMI second terminal is operatively CMMI first terminal and a fourth CMMI second terminal , 
coupled to the third primary winding dot terminal ; and a wherein the fourth CMMI first terminal is operatively 
controller operatively coupled to the first CMMI , the second 25 coupled to phase A , and the fourth CMMI second terminal 
CMMI , and the third CMMI , the controller operable to : a ) is operatively coupled to phase C ; wherein the controller is 
modulate a first voltage produced by the first CMMI to operatively coupled to the second CMMI , the third CMMI , 
control a first equivalent impedance between phase A and and the fourth CMMI , the further controller operable to : b ) 
the neutral ; b ) modulate a second voltage produced by the modulate a second voltage produced by the second CMMI 
second CMMI to control a second equivalent impedance 30 to control a second equivalent impedance between phase A 
between phase B and the neutral ; and c ) modulate a third and phase B ; c ) modulate a third voltage produced by the 
voltage produced by the third CMMI to control a third third CMMI to control a third equivalent impedance 
equivalent impedance between phase C and the neutral . between phase B and phase C ; and d ) modulate a fourth 

In another embodiment , asystem for actively controlling voltage produced by the fourth CMMI to control a fourth 
zero - sequence current in a three - phase power distribution 35 equivalent impedance between phase A and phase C. 
network having a phase A , a phase B , a phase C , and a In another embodiment , a system for actively controlling 
neutral is disclosed , the system comprising : a transformer zero - sequence current in a three - phase power distribution 
comprising : a first primary winding comprising a first pri- network having a phase A , a phase B , a phase C , and a 
mary winding dot terminal and a first primary winding neutral is disclosed , the system comprising : a transformer 
non - dot terminal , wherein the first primary winding dot 40 comprising : a first primary winding comprising a first pri 
terminal is operatively coupled to phase A ; a first secondary mary winding dot terminal and a first primary winding 
winding comprising a first secondary winding dot terminal non - dot terminal ; a first secondary winding comprising a 
and a first secondary winding non - dot terminal , wherein the first secondary winding dot terminal and a first secondary 
first primary winding and the first secondary winding share winding non - dot terminal , wherein the first primary winding 
a first common magnetic flux path ; a second primary wind- 45 and the first secondary winding share a first common mag 
ing comprising a second primary winding dot terminal and netic flux path ; a second primary winding comprising a 
a second primary winding non - dot terminal , wherein the second primary winding dot terminal and a second primary 
second primary winding dot terminal is operatively coupled winding non - dot terminal ; a second secondary winding 
to phase B ; a second secondary winding comprising a comprising a second secondary winding dot terminal and a 
second secondary winding dot terminal and a second sec- 50 second secondary winding non - dot terminal , wherein the 
ondary winding non - dot terminal , wherein the second pri- second primary winding and the second secondary winding 
mary winding and the second secondary winding share a share a first common magnetic flux path ; a third primary 
first common magnetic flux path ; a third primary winding winding comprising a third primary winding dot terminal 
comprising a third primary winding dot terminal and a third and a third primary winding non - dot terminal ; and a third 
primary winding non - dot terminal , wherein the third pri- 55 secondary winding comprising a third secondary winding 
mary winding dot terminal is operatively coupled to phase dot terminal and a third secondary winding non - dot termi 
C ; and a third secondary winding comprising a third sec- nal , wherein the third primary winding and the third sec 
ondary winding dot terminal and a third secondary winding ondary winding share a first common magnetic flux path ; 
non - dot terminal , wherein the third primary winding and the wherein the third primary winding non - dot terminal is 
third secondary winding share a first common magnetic flux 60 operatively coupled to the first secondary winding non - dot 
path ; wherein the third primary winding non - dot terminal is terminal ; wherein the first primary winding non - dot terminal 
operatively coupled to the first secondary winding non - dot is operatively coupled to the second secondary winding 
terminal ; wherein the first primary winding non - dot terminal non - dot terminal ; wherein the second primary winding non 
is operatively coupled to the second secondary winding dot terminal is operatively coupled to the third secondary 
non - dot terminal ; wherein the second primary winding non- 65 winding non - dot terminal ; wherein the first secondary wind 
dot terminal is operatively coupled to the third secondary ing dot terminal , the second secondary winding dot terminal , 
winding non - dot terminal ; wherein the first secondary wind- and the third secondary winding dot terminal are operatively 
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coupled to a transformer wye - point ; a first Cascade Multi- In any of the above embodiments , wherein the controller 
level Modular Inverter ( CMMI ) comprising a first CMMI comprises a proportional - integral controller . 
first terminal and a first CMMI second terminal , wherein the 
first CMMI first terminal is operatively coupled to phase A , BRIEF DESCRIPTION OF DRAWINGS 
and the first CMMI second terminal is operatively coupled 
to the first primary winding dot terminal ; a second CMMI The present invention will become more fully understood 
comprising a second CMMI first terminal and a second from the detailed description and the accompanying draw 
CMMI second terminal , wherein the second CMMI first ings , wherein : 
terminal is operatively coupled to phase B , and the second FIG . 1 is a schematic diagram illustrating a conventional 
CMMI second terminal is operatively coupled to the second 10 four - terminal zig - zag transformer which is applied to a 
primary winding dot terminal ; a third CMMI comprising a three - phase , four - wire electrical distribution system in 
third CMMI first terminal and a third CMMI second termi accordance with an embodiment . 
nal , wherein the third CMMI first terminal is operatively FIG . 2 is a schematic diagram illustrating a four - terminal 

zig - zag transformer combined with a Cascade Multilevel coupled to phase C , and the third CMMI second terminal is 
operatively coupled to the third primary winding dot termi 15 Modular Inverter ( CMMI ) topology , which is applied to a 

three - phase , four - wire electrical distribution system in nal ; a fourth CMMI comprising a fourth CMMI first termi accordance with an embodiment . 
nal and a fourth CMMI second terminal , wherein the third FIG . 3 is a schematic diagram illustrating a four - terminal 
fourth CMMI first terminal is operatively coupled to the zig - zag transformer combined with a CMMI topology to 
transformer wye - point , and the fourth CMMI second termi- 20 further extend balancing capability to minimize zero - se 
nal is operatively coupled to the neutral ; and a controller quence current in the three - phase , four - wire electrical dis 
operatively coupled to the first CMMI , the second CMMI , tribution system in accordance with an embodiment . 
the third CMMI , and the fourth CMMI , the controller FIG . 4 is a schematic diagram illustrating a four - terminal 
operable to : a ) modulate a first voltage produced by the first zig - zag transformer combined with a CMMI topology to 
CMMI to control a first equivalent impedance between 25 further extend balancing capability to minimize zero - se 
phase A and the neutral ; b ) modulate a second voltage quence current in the three - phase , four - wire electrical dis 
produced by the second CMMI to control a second equiva- tribution system in accordance with an embodiment . 
lent impedance between phase B and the neutral ; c ) modu- FIG . 5 is a schematic diagram illustrating a four - terminal 
late a third voltage produced by the third CMMI to control zig - zag transformer combined with a CMMI topology to 
a third equivalent impedance between phase C and the 30 further extend balancing capability to minimize zero - se 
neutral ; and d ) modulate a fourth voltage produced by the quence current and negative - sequence currents in the three 
fourth CMMI to control a fourth equivalent impedance phase , four - wire electrical distribution system in accordance 

with an embodiment . between the transformer wye - point and the neutral . FIG . 6 is a schematic diagram of a CMMI topology In any of the above embodiments , wherein the first 
common magnetic flux path comprises a first leg of an 35 without a zig - zag transformer to further extend balancing 

capability to minimize zero - sequence current in the three E - shaped transformer core , the second common magnetic phase , four - wire electrical distribution system in accordance flux path comprises a second leg of the E - shaped trans with an embodiment . 
former core , and the third common magnetic flux path 
comprises a third leg of the E - shaped transformer core . DETAILED DESCRIPTION OF THE 

In another embodiment , a system for actively controlling DISCLOSED EMBODIMENTS 
zero - sequence current in a three - phase power distribution 
network having a phase A , a phase B , a phase C , and a For the purposes of promoting an understanding of the 
neutral is disclosed , the system comprising : a first Cascade principles of the invention , reference will now be made to 
Multilevel Modular Inverter ( CMMI ) comprising a first 45 the embodiments illustrated in the drawings , and specific 
CMMI first terminal and a first CMMI second terminal , language will be used to describe those embodiments . It will 
wherein the first CMMI first terminal is operatively coupled nevertheless be understood that no limitation of the scope of 
to phase A , and the first CMMI second terminal is opera the invention is intended . Alterations and modifications in 
tively coupled to the neutral ; a second CMMI comprising a the illustrated device , and further applications of the prin 
second CMMI first terminal and a second CMMI second 50 ciples of the invention as illustrated therein , as would 
terminal , wherein the second CMMI first terminal is opera normally occur to one skilled in the art to which the 
tively coupled to phase B , and the second CMMI second invention relates are contemplated and desired to be pro 
terminal is operatively coupled to the neutral ; a third CMMI tected . Such alternative embodiments require certain adap 

tations to the embodiments discussed herein that would be comprising a third CMMI first terminal and a third CMMI 55 obvious to those skilled in the art . 
second terminal , wherein the third CMMI first terminal is FIG . 1 is a schematic diagram illustrating a conventional operatively coupled to phase C , and the third CMMI second four - terminal zig - zag transformer , indicated generally at 10 , terminal is operatively coupled to the neutral ; and a con which is applied to a three - phase , four - wire ( phases a , b , and troller operatively coupled to the first CMMI , the second c , and neutral conductor n ) electrical distribution system as 
CMMI , and the third CMMI , the controller operable to : a ) 60 a zero - sequence current filter . The zig - zag transformer has 
modulate a first voltage produced by the first CMMI to six windings : 12 , 14 , 16 , 18 , 20 and 22. Normally , each of 
control a first equivalent impedance between phase A and these windings has an equal number of turns . The six 
the neutral ; b ) modulate a second voltage produced by the windings are installed on a three - phase magnetic core which 
second CMMI to control a second equivalent impedance has three core legs ( not shown ) . Windings 12 and 18 are 
between phase B and the neutral ; and c ) modulate a third 65 installed on a first core leg , windings 16 and 22 are installed 
voltage produced by the third CMMI to control a third on a second core leg , and windings 20 and 14 are installed 
equivalent impedance between phase C and the neutral . on a third core leg . The three - phase magnetic core may 
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comprise an E - shaped core to provide the three legs , a ules ) . This neutral current is generally chosen to cancel the 
separate core for each related pair of windings ( essentially neutral current sensed in the line . In other embodiments , the 
three separate single - phase transformers ) , or any other chosen neutral current may be based on a remotely sensed 
physical architecture in which each related pair of windings imbalance , rather than on a local value , determined by the 
shares a common magnetic flux path . 5 power utility as a critical load point in the system . The 

Connected in this fashion , the zero sequence currents , desired injection current is then translated by the controller 
which flow through each pair of windings on the common into a desired zero - sequence reactive impedance , based on 
core leg , will be equal but of opposite polarity . The flux measurement of the local terminal voltage , allowing the 
produced by each of these windings will also be equal and controller to regulate the current without generating or 
have opposite polarity . As a result of flux cancellation , the 10 consuming real power . A real power term can be added to 
zero - sequence impedance of the zig - zag transformer 10 will compensate for internal power loss , but this should be very 
be reduced to the resistance of the transformer's winding small relative to the injected current for a well - designed 
conductors ( although there may be some leakage inductance system . The feedback controller then modulates the voltages 
that does not core couple ) . imposed by the CMMI H - bridges , using any of several 

The zero - sequence impedance of an ideal zig - zag trans- 15 well - known pulse - width modulation techniques , for 
former will normally be at least ten times lower than that of example , to create an approximation of the instantaneous 
the power source . By connecting the zig - zag transformer 10 voltage needed to control the injection current with a feed 
in parallel with the power source and the single - phase , back - based algorithm such as , but not limited to , a propor 
non - linear loads ( not shown ) , the load - generated zero - se- tional - integral controller . 
quence currents will be attracted by the lower impedance of 20 The zig - zag transformer 10 blocks the fundamental three 
the zig - zag transformer 10. This will result in a reduction of phase voltage with a high impedance and presents a rela 
the zero - sequence currents in the three - phase , four - wire tively low impedance to common - mode currents that flow in 
system between the zig - zag transformer 10 connection and the neutral . As such the CMMI 30 branches need only act on 
the power source . the voltage components associated with imbalance , and the 

The low zero - sequence impedance of the zig - zag trans- 25 sum of the CMMI 30 branch voltages acts on the neutral 
former 10 will only balance currents as dictated by other current by imposing or cancelling neutral voltage in con 
grounding impedances throughout the distribution network . junction with the transformer impedance . 
It cannot balance any zero - sequence current for which there With reference now to FIG . 3 , there is illustrated a 
is not a directly proportional zero - sequence voltage . The schematic diagram of the zig - zag transformer 10 combined 
presently disclosed embodiments provide the addition of a 30 with a CMMI topology to further extend balancing capabil 
Cascade Multilevel Modular Inverter ( CMMI ) that enables ity to minimize zero - sequence current in the three - phase , 
the zero - sequence impedance to be actively controlled , four - wire electrical distribution system in one embodiment . 
allowing injection of zero - sequence current that is less With respect to the topology of FIG . to reduce the grid 
dependent on the network conditions . This additional con- neutral current , the most critical control is the sum of the 
trollability enables balancing of the local node zero - se- 35 voltages ( common - mode ) . This enables the simplification of 
quence , or injection control based on balancing a remote the circuit to FIG . 3 , which uses a CMMI 30 module only in 
node such as an upstream feed . the neutral line , and therefore has a cost reduction benefit . 

With reference now to FIG . 2 , there is illustrated a FIG . 4 illustrates a schematic diagram of the zig - zag 
schematic diagram of the zig - zag transformer 10 combined transformer 10 combined with a CMMI topology to further 
with a Cascade Multilevel Modular Inverter ( CMM ) topol- 40 extend balancing capability to minimize zero - sequence cur 
ogy ( sometimes also referred to as a Cascade Multilevel rent in the three - phase , four - wire electrical distribution 
Inverter ( CMI ) ) to further extend balancing capability to system in one embodiment . With respect to the topology of 
minimize zero - sequence current in the three - phase , four- FIG . 4 , CMMI modules 30a , 30b and 30c are included in the 
wire electrical distribution system in one embodiment . A phase branches and CMMI module 30d is included in the 
CMMI 30a is connected between phase a and the zig - zag 45 neutral branch ( between the transformer wye - point connec 
transformer 10 , a CMMI 30b is connected between phase b tion and the neutral ) . Although this topology adds complex 
and the zig - zag transformer 10 , and a CMMI 30c is con- ity and more CMMI modules 30 , it may lead to improve 
nected between phase c and the zig - zag transformer 10. The ment in grid current balance under some conditions . In some 
present disclosure contemplates the use of any CMMI embodiments , an inductor ( not shown ) may be connected in 
design , such as those described in U.S. Pat . No. 5,642,275 50 series with the H - bridges of each of the delta - connected 
to Peng et al . and U.S. Pat . No. 9,294,003 to Peng , to name CMMI modules 30a , 30b and 30c . 
just a few non - limiting examples . FIG . 5 illustrates a schematic diagram of the zig - zag 

As is known in the art , each CMMI 30 comprises a transformer 10 combined with a CMMI topology to further 
plurality of H - bridges ( or equivalent circuitry ) under the extend balancing capability to minimize zero - sequence cur 
control of a controller 40 , such as via a fiber optic connection 55 rent and negative - sequence currents in the three - phase , 
to name just one non - limiting embodiment . Each H - bridge four - wire electrical distribution system in one embodiment . 
can assume only three voltages : + Vdc , 0 , and , -Vdc at any With respect to the topology of FIG . 5 , there is shown an 
given time ( Vdc being the internal DC link voltage of the implementation that , in addition to the CMMI module 30d 
H - bridge ) . The controller 40 modulates the states of the in the neutral conductor , further adds delta - connected 
H - bridges to build an AC waveform out of a series string of 60 CMMI modules 30a , 30b and 30c between each of the three 
H - bridges in the CMMI 30 . phases of the power system . This allows more robust bal 

The voltage is chosen by the controller 40 in order to ancing of differences between phase currents known as 
control an equivalent impedance that draws an appropriate negative - sequence current that is caused by unbalanced 
neutral current through the zig - zag transformer 10 ( which line - to - line loads . The combination of the delta - connected 
has low zero - sequence impedance and high positive / nega- 65 CMMI branches 30 and the zig - zag transformer 10 as shown 
tive sequence impedance , thereby blocking the regular bal- leads to the overall best balancing capability , though with a 
anced fundamental voltage away from the CMMI 30 mod- higher complexity . It will be appreciated that the delta 
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connected CMMI modules 30a , 30b and 30c can be added ing dot terminal of the transformer , and a third second 
to any of the embodiments disclosed herein . In some ary winding dot terminal of the transformer to the 
embodiments , an inductor ( not shown ) may be connected in neutral ; 
series with the H - bridges of each of the delta - connected h ) modulating a first voltage produced by the first CMMI 
CMMI modules 30a , 30b and 30c . to control a first equivalent impedance between phase 
FIG . 6 illustrates a schematic diagram of a CMMI topol A and the neutral ; 

ogy without the zig - zag transformer 10 to further extend i ) modulating a second voltage produced by the second 
balancing capability to minimize zero - sequence current in CMMI to control a second equivalent impedance 
the three - phase , four - wire electrical distribution system in between phase B and the neutral ; and one embodiment . With respect to the topology of FIG . 6 , 10 
there is shown an implementation that does not use the j ) modulating a third voltage produced by the third CMMI 

to control a third equivalent impedance between phase zig - zag transformer 10. Instead , the CMMI module 30a is C and the neutral . coupled between phase a and the neutral conductor , CMMI 2. The method of claim 1 , wherein the first common module 30b is coupled between phase b and the neutral conductor , and CMMI module 30c is coupled between phase 15 magnetic flux path comprises a first leg of an E - shaped 
c and the neutral conductor . Although the embodiment of transformer core , the second common magnetic flux path 
FIG . 6 is in some ways simpler than the other embodiments comprises a second leg of the E - shaped transformer core , 
disclosed herein , this embodiment requires full - voltage rated and the third common magnetic flux path comprises a third 
CMMI branches 30. It does however carry the capability of leg of the E - shaped transformer core . 
injecting neutral current while adding the capability of 20 3. A method for actively controlling zero - sequence cur 
reactive power support at the fundamental grid frequency rent in a three - phase power distribution network having a 
without the delta - connected CMMI modules of FIG . 5. This phase A , a phase B , a phase C , and a neutral , the method 
reactive power support is enabled through independent comprising the steps of : 
control of the CMMI branch impedances , which can now a ) operatively coupling phase A to a first primary winding 
carry positive - sequence current that would otherwise be 25 dot terminal of a transformer ; 
blocked by the zig - zag impedance . b ) operatively coupling phase B to a second primary 

While the detailed description elaborates workable winding dot terminal of the transformer , 
embodiments of the present invention , the embodiments c ) operatively coupling phase C to a third primary wind 
shall not be construed as a limitation on the patented scope ing dot terminal of the transformer ; 
and claims of the present invention and , furthermore , all 30 d ) operatively coupling a third primary winding non - dot 
equivalent adaptations and modifications based on the tech terminal of the transformer to a first secondary winding 
nological spirit of the present invention shall remain pro non - dot terminal of the transformer , wherein the first 
tected within the scope and claims of the invention herein . primary winding and the first secondary winding share 
What is claimed : a first common magnetic flux path ; 
1. A method for actively controlling zero - sequence cur- 35 e ) operatively coupling a first primary winding non - dot 

rent in a three - phase power distribution network having a terminal of the transformer to a second secondary 
phase A , a phase B , a phase C , and a neutral , the method winding non - dot terminal of the transformer , wherein 
comprising the steps of : the second primary winding and the second secondary 

a ) operatively coupling a first Cascade Multilevel Modu- winding share a second common magnetic flux path ; 
lar Inverter ( CMMI ) first terminal to phase A , and 40 f ) operatively coupling a second primary winding non - dot 
operatively coupling a first CMMI second terminal to a terminal of the transformer to a third secondary wind 
first primary winding dot terminal of a transformer ; ing non - dot terminal of the transformer , wherein the 

b ) operatively coupling a second CMMI first terminal to third primary winding and the third secondary winding 
phase B , and operatively coupling a second CMMI share a third common magnetic flux path ; 
second terminal to a second primary winding dot 45 g ) operatively coupling a first secondary winding dot 
terminal of the transformer ; terminal of the transformer , a second secondary wind 

c ) operatively coupling a third CMMI first terminal to ing dot terminal of the transformer , and a third second 
phase C , and operatively coupling a third CMMI sec- ary winding dot terminal of the transformer to a trans 
ond terminal to a third primary winding dot terminal of former wye - point ; 
the transformer ; h ) operatively coupling a first Cascade Multilevel Modu 

d ) operatively coupling a third primary winding non - dot lar Inverter ( CMMI ) first terminal to the transformer 
terminal of the transformer to a first secondary winding wye - point ; 
non - dot terminal of the transformer , wherein the first i ) operatively coupling a first CMMI second terminal to 
primary winding and the first secondary winding share the neutral ; and 
a first common magnetic flux path ; j ) modulating a first voltage produced by the first CMMI 

e ) operatively coupling a first primary winding non - dot to control an equivalent impedance between the trans 
terminal of the transformer to a second secondary former wye - point and the neutral . 
winding non - dot terminal of the transformer , wherein 4. The method of claim 3 , wherein the first common 
the second primary winding and the second secondary magnetic flux path comprises a first leg of an E - shaped 
winding share a second common magnetic flux path ; 60 transformer core , the second common magnetic flux path 

f ) operatively coupling a second primary winding non - dot comprises a second leg of the E - shaped transformer core , 
terminal of the transformer to a third secondary wind- and the third common magnetic flux path comprises a third 
ing non - dot terminal of the transformer , wherein the leg of the E - shaped transformer core . 
third primary winding and the third secondary winding 5. The method of claim 3 , further comprising the steps of : 
share a third common magnetic flux path ; k ) operatively coupling a second CMMI first terminal to 

g ) operatively coupling a first secondary winding dot phase A and operatively coupling a second CMMI 
terminal of the transformer , a second secondary wind second terminal to phase B ; 
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1 ) operatively coupling a third CMMI first terminal to winding non - dot terminal of the transformer , wherein 
phase B and operatively coupling a third CMMI second the second primary winding and the second secondary 
terminal to phase C ; winding share a second common magnetic flux path ; 

m ) operatively coupling a fourth CMMI first terminal to f ) operatively coupling a second primary winding non - dot 
phase A and operatively coupling a fourth CMMI 5 terminal of the transformer to a third secondary wind 
second terminal to phase C ; ing non - dot terminal of the transformer , wherein the n ) modulating a second voltage produced by the second third primary winding and the third secondary winding 
CMMI to control a second equivalent impedance share a third common magnetic flux path ; between phase A and phase B ; g ) operatively coupling a first secondary winding dot o ) modulating a third voltage produced by the third 10 terminal of the transformer , a second secondary wind CMMI to control a third equivalent impedance between ing dot terminal of the transformer , and a third second phase B and phase C ; and ary winding dot terminal of the transformer to a trans p ) modulating a fourth voltage produced by the fourth 
CMMI to control a fourth equivalent impedance former wye - point ; 
between phase A and phase C. h ) operatively coupling a fourth CMMI first terminal to 

6. A method for actively controlling zero - sequence cur the transformer wye - point ; 
rent in a three - phase power distribution network having a i ) operatively coupling a fourth CMMI second terminal to 
phase A , a phase B , a phase C , and a neutral , the method the neutral ; 
comprising the steps of : j ) modulating a first voltage produced by the first CMMI 

a ) operatively coupling a first Cascade Multilevel Modu- 20 to control a first equivalent impedance between phase 
lar Inverter ( CMMI ) first terminal to phase A , and A and the neutral ; 
operatively coupling a first CMMI second terminal to a k ) modulating a second voltage produced by the second 
first primary winding dot terminal of a transformer ; CMMI to control a second equivalent edance 

b ) operatively coupling a second CMMI first terminal to between phase B and the neutral ; 
phase B , and operatively coupling a second CMMI 25 1 ) modulating a third voltage produced by the third CMMI 
second terminal to a second primary winding dot to control a third equivalent impedance between phase 
terminal of the transformer ; C and the neutral ; and 

c ) operatively coupling a third CMMI first terminal to m ) modulating a fourth voltage produced by the fourth phase C , and operatively coupling a third CMMI sec CMMI to control a fourth equivalent impedance ond terminal to a third primary winding dot terminal of 30 between the transformer wye - point and the neutral . the transformer ; 7. The method of claim 6 , wherein the first common d ) operatively coupling a third primary winding non - dot 
terminal of the transformer to a first secondary winding magnetic flux path comprises a first leg of an E - shaped 
non - dot terminal of the transformer , wherein the first transformer core , the second common magnetic flux path 
primary winding and the first secondary winding share 35 comprises a second leg of the E - shaped transformer core , 
a first common magnetic flux path ; and the third common magnetic flux path comprises a third 

e ) operatively coupling a first primary winding non - dot leg of the E - shaped transformer core . 
terminal of the transformer to a second secondary 


